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1 In some studies the problem may have been limited statistical power. For
example, although Bonnet et al.’s (2013) study used a large sample (i.e., 145 adults,
19–82 years) each observer made only 8 saccades into the UpVF and 8 into the LoVF.
Thus, each individual’s data set was probably rather noisy for the asymmetry analysis.
Similarly, Miller (1969) speculates that the small number of trials used in their study
may have resulted in noisy data. Additionally, we speculate that the methodology
used by Miller (1969) may have been a potential limitation. The PSRTs were obtained
by inter-scorer agreement on camera-frame counts between the onset of a saccade
target light and the ﬁrst eye movement detected. Finally, it is possible that age was a
confounding factor in these PSRT studies. A commonality between the studies by
Bonnet (Bonnet et al., 2013) and Yang (Yang & Kapoula, 2006) is that they involved
the use of older adults (about 80 years old). Heywood and Churcher (1980)
inadvertently listed in their Table 1, a study by Cohen and Ross (1977), as one that
did not ﬁnd the asymmetry, but vertical saccades were not made in the Cohen and
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Saccade directiona b s t r a c t
Pre-saccadic ﬁxation durations associated with saccades directed in different directions were compared
in three endogenous-attention oriented saccadic scanning tasks (i.e. visual search and scene viewing).
Pre-saccadic ﬁxation durations were consistently briefer before the execution of upward saccades, than
downward saccades. Saccades also had a higher probability of being directed upwards than downwards.
Pre-saccadic ﬁxation durations were symmetric and longer for horizontally-directed saccades. The
vertical visual ﬁeld asymmetry in pre-saccadic ﬁxation durations reﬂects an inﬂuence of factors not
directly related to currently ﬁxated elements. The ability to predict pre-saccadic ﬁxation durations is
important for computational modelling of real-time saccadic scanning, and the ﬁndings make a case
for including directional constraints in computational modelling of when the eyes move.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
Saccades are ballistic eye movements used to reorient the fovea
within the visual ﬁeld, with pro-saccades directed towards a target
and anti-saccades away from a target. Many pro-saccade reaction
time (PSRT) studies have revealed an asymmetry in the latency
to initiate saccades towards the upper visual ﬁeld (UpVF) and
lower visual ﬁeld (LoVF). Typically, PSRTs are shorter for saccades
directed into the UpVF for humans (Goldring & Fischer, 1997;
Hackman, 1940; Heywood & Churcher, 1980; Honda & Findlay,
1992; Miles, 1936; Pitzalis & Di Russo, 2001; Tzelepi et al., 2010)
and for monkeys (Schlykowa et al., 1996; Zhou & King, 2002). A
representative sample of relevant PSRT studies is presented
in Table 1. While the asymmetry has not always been found1(e.g., Bonnet et al., 2013; Miller, 1969; Yang & Kapoula, 2006), a
preponderance of the evidence supports a vertical visual ﬁeld
asymmetry (VVFA) in PSRTs, such that PSRTs are shorter when
saccades are directed into the UpVF.
The high level of experimental control in PSRT tasks has made
them attractive to researchers of saccadic mechanisms. The
temporal metric of concern in PSRT tasks is usually the time to
react with a saccade to the onset of a salient cue. Thus, PSRT tasks
are typically more involved with exogenously oriented attention
which means they may not be necessarily generalizable to saccadic
scanning tasks (e.g. visual search and scene viewing) where
observers endogenously direct their attention while engaged in
exploration. For saccadic scanning, the temporal metric includes
both physiologically-based latencies (e.g. the time required to
program the eyes to move) and the amount of time taken to pro-
cess the ﬁxated element in the visual ﬁeld (e.g., Nuthmann et al.,
2010; Trukenbrod & Engbert, 2014). In effect, saccades in saccadic
scanning tasks are driven primarily by endogenous attention, are
dependent on task demands, and are not typically driven by salient
cues (e.g., Henderson et al., 2007).
Computational modelling of eye movement behavior allows
researchers to simulate, and to predict the behavior of humans
under various visual information acquisition conditions. While a
dominant issue for eye movement modellers has been the issue
of where in the visual ﬁeld we direct saccades (e.g., Najemnik &
Geisler, 2009; Parkhurst, Law, & Niebur, 2002; Zelinsky, 2008),
there is a growing literature emphasizing the importance of also
considering when we look where we look (e.g., Henderson,
Nuthmann, & Luke, 2013; Mills et al., 2011; Trukenbrod &
Table 1
Representative sample of studies that addressed the latency of saccades directed into the upper visual ﬁeld (UpVF) and lower visual ﬁeld (LoVF).
Authors Participants VVFA (vertical visual ﬁeld asymmetry) Short journal name
Miles (1936) 2 Adults LoVF > UpVF Psych. Monographs
Hackman (1940) 16 Adults LoVF > UpVF J. Exp. Psychology
Heywood and Churcher (1980) 6 Adults LoVF > UpVF Quarterly J. Exp. Psychology
Honda and Findlay (1992) 5 Adults LoVF > UpVF Perception & Psychophysics
Honda and Findlay (1992) 2 Adults LoVF > UpVF Perception & Psychophysics
Goldring and Fischer (1997) 13 Adults LoVF > UpVF Exp. Brain Research
Pitzalis and Di Russo (2001) 23 RBDa patients LoVF > UpVF Cortex
23 LBDb patients
22 Normal adults
Zhou and King (2002) 2 Monkeys (Macaca mulatta) LoVF > UpVF Vision Research
Schlykowa et al. (1996) Monkeys (Macaca fascicularis) LoVF > UpVF Neuroreport
Tzelepi, Yang, and Kapoula (2005) 9 Adults LoVF > UpVF Exp. Brain Research
Tzelepi et al. (2010) 5 Adults LoVF > UpVF Brain Research
Bell, Everling, and Munoz (2000) 2 Monkeys (Macaca mulatta) LoVF > UpVF J. Neurophysiology
Yang and Kapoula (2006) 22 Young and older adults (20–83 years) Not present Exp. Brain Research
Miller (1969) 9 Children (8 years old) 9 adults Not present Perc. Motor Skills
Bonnet et al. (2013) 145 Young and older adults (19–82 years) Not present Clinical. Neurophysiology
a Right brain damaged.
b Left brain damaged.
34 H.H. Greene et al. / Vision Research 102 (2014) 33–40Engbert, 2014). Trying to understand eye-movement behavior
under exogenous and endogenous attention-oriented conditions
is onerous because of myriad possible inﬂuences of bottom-up sali-
ent stimulus-related, and top-down task-related factors involved.
For example, in Mills et al.’s (2011) study, participants viewed
the same real-world scenes (containing different salient stimuli)
under different endogenous attention-oriented task instructions
(i.e., search the scenes for an embedded target, memorize them
in preparation for a recognition test, or, rate them on a pleasant-
ness scale). Their results indicated that differences in task
instructions inﬂuence how long we ﬁxate before moving our eyes
(see also Greene, 2006 for a similar ﬁnding with visual search of
artiﬁcial scenes). Furthermore, Mills et al. (2011) found that task
instructions inﬂuenced the dynamics of when the eyes moved (as
indexed by ﬁxation durations), but not where the eyes moved (as
indexed by saccade amplitudes). This dissociation between when
and where the eyes move highlights the importance of considering
ﬁxation durations in biologically-plausible modelling of eye
movements (see also Greene & Rayner, 2001; Rayner &
McConkie, 1976 for other examples of a dissociation between
ﬁxation duration and other indices during VTL and reading, respec-
tively). In sum, it is reasonable to argue that (i) the visual ﬁeld
asymmetry reported in PSRT tasks do not necessarily generalize
to saccadic scanning tasks (e.g., visual search and scene viewing),
and (ii) it is important to determine characteristics of when the
eyes move, towards comprehensive modelling of saccadic scanning
behavior.
In the current study, pre-saccadic ﬁxation durations (PSFDs)
were measured while observers performed endogenous attention
oriented search tasks. In the present context, a PSFD reﬂects the
time spent ﬁxating a scene location before a saccade is made else-
where in the ﬁeld of view. We have not concerned ourselves with
partitioning the total duration into its component durations (e.g.,
eye–brain communication lag time, saccade programming time,
visual input processing time). Two kinds of scenes were used in
the study. Random dot scenes with no semantic information (other
than a pre-deﬁned target) were used in visual search experiments
(Experiments 1 and 2). Rorschach images (Exner, 2003) were
utilized as scenes in Experiment 3. These images are ambiguous
and under-determined from a semantic perspective. With the
Rorschach images, the instruction was to view the scene in search
of some interpretation. Our random dot and Rorschach image
scenes reduced as much as possible, semantic inﬂuences and
exogenous attention-grabbing information on eye movementbehavior. All participants provided written informed consent prior
to each experiment.
Two problems were addressed. Of primary interest was
whether the VVFA found in exogenous-attention-oriented PSRT
experiments (e.g. Honda & Findlay, 1992) are reliably present
during endogenous-attention-oriented exploration tasks. The exis-
tence of such a VVFA has implications for computational modelling
of saccadic scanning. Of secondary importance was whether a
VVFA would be found in the probability of executing saccades
during saccadic scanning. Such an asymmetry has already been
demonstrated for scene viewing (Foulsham & Kingstone, 2010)
and visual search (Greene et al., 2010).
2. Experiment 1: ﬁxation durations during visual search in
random dot noise
The visual system is set up such that spatial processing is
increasingly coarser towards the peripheral visual ﬁeld. As a result,
we are constantly moving our eyes to bring our fovea to bear on
positions and objects of interest within our ﬁeld of view. Of speciﬁc
concern in Experiment 1 is a kind of visual search behavior we
refer to as visual target localization (see also Greene et al., 2010;
Zelinsky, 2008). In a visual target localization (VTL) task, an indi-
vidual searches for a target they know in advance and know to
be present in the visual ﬁeld. This narrow deﬁnition of visual
search provides a useful starting point for developing computa-
tional models of eye movement behavior (e.g., Najemnik &
Geisler, 2009; Zelinsky, 2008). The task is simply to search a scene
until a difﬁcult to ﬁnd target is found, or until the scene is turned
off after a time limit.
During saccadic scanning, the position of the visual ﬁeld
changes with respect to the current position of the fovea. Honda
and Findlay (1992) have shown with supine participants, that the
VVFA for PSRTs depends on a fovea-centered vertical plane, not
the gravitational vertical plane. In effect, PSRTs are faster for sac-
cades directed upwards than downwards relative to the ﬁeld of
view. Henceforth, we shall refer to saccades into the UpVF as
‘‘upward saccades’’, and saccades into the LoVF as ‘‘downward sac-
cades’’. The primary purpose of Experiment 1 was to assess PSFDs
in a VTL task similar to that used by Greene, Brown, and Paradis
(2013). If VVFA mechanisms are operational under endogenously
oriented saccadic scanning, then PSFDs would be expected to be
briefer before upward than downward saccades. A secondary con-
cern of the experiment was to determine if there are asymmetries
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conditions. There is evidence that during inspection of context-free
scenes (see right panel of Fig. 2 in Foulsham & Kingstone, 2010),
and during VTL of roadmap scenes (see Fig. 4 in Greene et al.,
2010), the probability of upward saccades is greater than the
probability of downward saccades.
2.1. Method
2.1.1. Participants
Twelve adults (19–48 years old; 2 male) at the University of
Detroit Mercy participated in the experiment. All were naïve about
the aim of the study, and all had normal or corrected-to-normal
visual acuity.
2.1.2. Stimuli
The stimuli were 32 wide  26 high random dot scenes. They
were deﬁned by two luminance values 15.51 cd/m2 and 14.49 cd/
m2 to form a Michelson contrast (Mc) of .04 (such that Mc = (Lhigh
 Llow)/(Lhigh + Llow), where Lhigh and Llow were the higher and lower
luminance values paired in each scene. One target was embedded
in one of 17 predeﬁned locations along invisible concentric circles
within each scene. The target was a checker board pattern (see
Fig. 1A) 1.5 wide  1.5 high with the same average contrast as
the background. Stimuli were presented in a well-lit room.
2.1.3. Apparatus
The random dot stimuli were presented on a 17-in. color mon-
itor. The spatial resolution of the monitor was 800  600 pixels,
and the refresh rate of the computer’s graphics adapter was
60 Hz. When a target was localized, the acknowledgement was
made by pressing the computer’s left mouse key. As participants
searched for the target, eye positions were sampled at 500 Hz by
an Eyelink II eye tracker. A saccade was recorded when eye velocityFig. 1. Examples of stimuli used in (A) Experiment 1 where the target was a checker boar
in these examples have been exaggerated for visibility here. The black squares (which w
locations. The image in (C) is one of the Rorschach images used in Experiment 3. We haexceeded 30 s1, or when eye acceleration exceeded 8000 s2.
The eye tracker was controlled by EYETRACK software (see
http://www.umass.edu/psychology/div2/eyelab/).
2.1.4. Procedure
Participants sat 55 cm from the monitor, and were ﬁtted with
the head-mounted Eyelink II eye tracking headband. An experi-
mental session started with a 9-point calibration of the eye tracker.
Observers were instructed to search for the target in each scene
presentation, and to terminate the presentation with a mouse click
response as soon as the target was localized. To ensure minimal
discrepancy between observers’ points of regard and what the
eye tracker reported, an eye drift correction was performed before
each trial. The target was presented 24 times at random in each of
17 target locations, for a total of 408 trials per observer. Search was
always initiated from the center of the presented stimulus. To
ensure that search was not prematurely terminated, a maximum
of three minutes were allotted in each trial for target localization.
The experiment was part of a study approved by the Institutional
Review Board at the University of Detroit Mercy. It was conducted
in accordance with the Belmont Report, and the Code of Ethics of
the World Medical Association (Declaration of Helsinki).
2.2. Results and discussion
2.2.1. Secondary issue: probability of saccades in different directions
Saccades were placed in 36 bins of 10 deg width (i.e., 9 bins per
visual ﬁeld). At least 20 saccades were available on average in each
10 deg bin. Saccade probabilities in the afore-mentioned 10 deg
bins were analyzed using a 36-level, one-way ANOVA. The analysis
indicated that saccades were not directed with equal probability
into different parts of the visual ﬁeld F(35,385) = 22.61, p < .01,
gp2 = .67 (see Fig. 2A). For post hoc probing we divided the
360 deg visual ﬁeld into four 90 deg sections (as shown by thed pattern, and in (B) Experiment 2 where the target was a gray square. The contrasts
ere not presented to the participants) illustrate the distribution of possible target
ve distorted it with a high-pass ﬁlter for publication.
Fig. 2. Polar plots of the probability of making a saccade in different directions for
Experiments 1, 2, & 3. Each plot shows the probability (y or radial axis) in each of 36
direction bins. Saccades had a higher probability of being directed into the upper,
than the lower visual ﬁeld.
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analyses on data in the enclosed 10 deg bins. There was a strong
VVFA, such that the probability of directing a saccade upwards
was greater than the probability of directing a saccade downwards
F(1,11) = 17.39, p < .01, gp2 = .61. In contrast, while the probability
of making a rightward saccade was slightly greater than a
leftward saccade, this difference was not statistically signiﬁcantly
F(1,11) = 3.59, p = .09, gp2 = .25.2.2.2. Primary issue: pre-saccadic ﬁxation duration
The latency of the initial saccade from the ﬁxation spot was
removed for each trial. Subsequent PSFDs were placed in 10 deg
bins (to match the 360 deg visual ﬁeld), and analyzed using a 36-
level, one-way ANOVA. The analysis indicated that PSFDs were
not equally long in different directions, F(35,385) = 7.69, p < .01,
gp2 = .41 (see Fig. 3A). For post hoc probing of ﬁxation durations
preceding saccades, we divided the 360 deg visual ﬁeld into four
90 deg sections (as shown by the dashed radial lines in Fig. 3A).
Orthogonal contrast analyses were then conducted on the enclosed
10 deg bins. There was a strong VVFA, such that PSFDs were
shorter by about 50 ms for saccades directed upwards than
downwards F(1,11) = 24.43, p < .01, gp2 = .69. PSFDs associated with
saccades into the left and right visual ﬁelds were not signiﬁcantly
different from each other F(1,11) = .22, p > .05, gp2 = .02.
Experiment 1 was conducted primarily to describe PFSDs in a
context-free VTL task. We found that saccades into the UpVF areFig. 3. Polar plots of PSFDs as a function of ensuing saccade direction for
Experiments 1, 2, & 3. Each plot shows pre-saccadic ﬁxation durations (y or radial
axis) in each of 36 direction bins. Pre-saccadic ﬁxation durations were briefer for
saccades directed into the upper, than the lower visual ﬁeld.preceded by briefer ﬁxation durations than saccades into the LoVF.
This ﬁnding is consonant with ﬁndings in PSRT tasks (e.g., Goldring
& Fischer, 1997; see also Table 1). As well, the study has replicated
earlier ﬁndings of a greater probability of saccades directed
upwards than downwards when individuals engage in VTL
(Greene et al., 2010).3. Experiment 2: replication of asymmetry in visual search of
random dot noise
The results of Experiment 1 suggest that PSFD mechanisms of
saccadic scanning may behave in a similar manner to PSRT
mechanisms. Given the novelty of these PSFD ﬁndings, we sought
to replicate them, before discussing the implications. It was
hypothesized that a similar asymmetry will be evident in a VTL




Twenty four adults (19–53 years old; 8 male) participated in the
experiment. The experiment was conducted at University of
Georgia. All participants were naïve about the aim of the study,
and all had normal or corrected-to-normal visual acuity.
3.1.2. Stimulus, apparatus, and procedure
The stimuli were multi-gray-level random dot images (Fig. 1B).
Images were 32wide  26 high, and each one had one embedded
target along invisible concentric circles. The target stimulus, a 1
wide  1 high outline square, had three visibility levels (high,
medium, low) with respect to the average luminance of the back-
ground display. A target of a particular contrast was presented
one time at random in each of sixty-eight predeﬁned target
locations, for a total of 204 trials per participant (i.e., 68 target
locations  3 contrast level presentations). The apparatus, this
time, set up at University of Georgia, was the same one used in
Experiment 1. Participants sat in a dark room, with their heads
stabilized in a chin rest. A maximum of two minutes was allotted
in each trial to localize the target. The experiment was part of a
study approved by the Institutional Review Board at the University
of Georgia. It was conducted in accordance with the Belmont
Report, and the Declaration of Helsinki.
3.2. Results and discussion
The analyses conducted were the same as in Experiment 1. Our
concern for the replication was performance in the low contrast
condition, as relatively many (i.e. at least 20) saccades were avail-
able in each 10 deg saccade direction bin.2
3.2.1. Secondary issue: probability of saccades in different directions
Saccades were not directed with equal probability in 10 deg
bins of the visual ﬁeld (see Fig. 2B), F(35,805) = 88.95, p < .01,
gp2 = .80. Post hoc probing revealed a strong VVFA, such that the
probability of directing a saccade upwards was greater than the
probability of directing a saccade downwards F(1,23) = 54.3.33,
p < .01, gp2 = .70. In contrast, there was no signiﬁcant asymmetry
in the probability of directing saccades to the left and right visual
ﬁelds F(1,23) = .47, p = .50, gp2 = .02.2 Experiment 2 in the present study is a part of another study designed to examine
luminance contrast effects on saccade amplitudes. The contrast levels that did not
elicit a lot of searching eye movements in all directions are not relevant for the
present study. Hence, they have been treated as ﬁller trials.
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PSFDs were not equally long in different directions,
F(35,805) = 15.03, p < .01, gp2 = .40 (see Fig. 3B). Post hoc probing
showed a strong VVFA, such that PSFDs were again briefer by about
50 ms for saccades directed upwards than downwards F(1,23) =
79.03, p < .01, gp2 = .78. PSFDs associated with saccades into the left
and right visual ﬁelds were not signiﬁcantly different from each
other F(1,23) = .64, p > .05, gp2 = .03. We note that durations were
longer in Experiment 2 than in Experiment 1 (see Fig. 3B). The dif-
ference probably reﬂects greater difﬁculty in acquiring information
from the stimuli in Experiment 2 (e.g., Rayner, 1998). Nonetheless,
the results of Experiment 2 replicate the results of Experiment 1.4. Experiment 3: ﬁxation duration asymmetry during
ambiguous scene-interpretation
In a PSRT task, a ‘‘go’’ prompt is sufﬁcient to initiate a saccade
away from the current point of ﬁxation towards the target. During
VTL, given that participants know what target to look for, a simple
‘‘this is not the target’’ choice decision may be sufﬁcient to initiate a
saccade away from the current region of interest. Choice decisions
in endogenous attention-oriented VTL tasks involve different
demands on perceptual processing than may reasonably be
expected in PSRT tasks. The results of Mills et al. (2011) indicate
different levels of semantic demands may inﬂuence ﬁxation dura-
tions during saccadic scanning behavior (see also Greene, 2006).
Experiment 3 was designed to test whether the VVFA found in
Experiments 1 and 2 generalizes to a different saccadic scanning
task. We wondered what would happen if participants were given
a task that required greater semantic-processing demands than
would have been required in our VTL task. The interpretation of
novel ambiguous images provides a means of addressing this issue.
Reasonably, exploring ambiguous shapes towards acquiring multi-
ple interpretations involves greater semantic demands than would
be expected from the exploration of the context-free scenes used
thus far in our VTL experiments. While it was expected that PSFDs
would show an overall increase, of primary interest was whether a
VVFA in PSFD would be effected. Rorschach images (Exner, 2003)
are useful for the present experiment because they are ambiguous
novel shapes that evoke multiple interpretations from shape, shad-
ing and color without speciﬁc object or scene-related information.
A replication of the VVFA in Experiment 3 would provide meaning-




Forty-four adults (18–49 years old; 10 male) at the University of
Detroit Mercy participated in the experiment. All were naïve about
the aim of the study, had never been administered the Rorschach
test, had normal color vision, and had normal or corrected-to-nor-
mal visual acuity.
4.1.2. Stimulus, apparatus and procedure
Digitized images of the 10 Rorschach inkblots used by clinical
psychologists (Exner, 2003) were utilized. A sample image
(distorted for test-security reasons) is presented in Fig. 1C. The
eye-tracking apparatus was the same as in Experiments 1 and 2.
Participants sat 55 cm from the monitor such that images sub-
tended visual angles of approximately 6 by 6. Following two
practice trials with geometric shapes (i.e., an open triangle and
an open square), the Rorschach images were presented in the stan-
dard sequence of Card I–Card X, for 60 s each. While an image was
visible, the participant was asked ‘‘What might this be?’’, and wasencouraged to respond with multiple interpretations (using ‘‘What
else might this be?’’ prompts). The Eyelink II eye-tracking appara-
tus tolerates minor head movements (less than ±15 of visual
angle), hence, head movements from spoken responses were not
a hindrance. Verbal responses were recorded in the manner of
the Rorschach Inkblot Method (Exner, 2003), but the responses
were not of interest for the present study. The experiment was part
of a study approved by the Institutional Review Board at the
University of Detroit Mercy. It was conducted in accordance with
the Belmont Report, and the Declaration of Helsinki.
4.2. Results and discussion
4.2.1. Secondary issue: probability of saccades in different directions
The analyses conducted were the same as in Experiment 1. At
least 20 saccades were available on average in each 10 deg sac-
cade-direction bin. Saccades were not directed with equal proba-
bility in the visual ﬁeld (see Fig. 2C), F(35,1505) = 39.48, p < .01,
gp2 = .48. Post hoc probing revealed a VVFA, such that the probabil-
ity of directing a saccade upwards was greater than the probability
of directing a saccade downwards F(1,43) = 17.94, p < .01, gp2 = .29.
There was no signiﬁcant asymmetry in the probability of directing
saccades to the left and right visual ﬁelds F(1,43) = 1.88, p = .18,
gp2 = .04. It is interesting to note that for VTL in Experiments 1
and 2, the ratio of horizontal axis to vertical axis saccades was
about 2:1 (see Figs. 2B and 3B). However, this ratio was about
1:1 for the Rorschach task (see Fig. 2C). The contrasting saccade
distribution ratios may be attributed to differences in scene fea-
tures in the experiments. Indeed, Foulsham and Kingstone (2010)
have shown that, image orientation, visual features (e.g. in natural
scenes vs fractals) and scene frame-of-reference can all affect
saccadic scanning strategies.
4.2.2. Primary issue: pre-saccadic ﬁxation duration
PSFDs were not equally long for different directions
F(35,1505) = 4.51, p < .01, gp2 = .10 (see Fig. 3C). However, the size
of the direction effect was much smaller than the effects found
in the VTL experiments above (gp2 = .41, .40 respectively). Post
hoc probing showed a VVFA, such that PSFDs were again briefer
by about 50 ms for saccades directed upwards than downwards,
F(1,43) = 32.39, p < .01, gp2 = .43. PSFDs associated with saccades
into the left and right visual ﬁelds were not signiﬁcantly different
from each other F(1,43) = 2.56, p > .05, gp2 = .06. The results of
Experiment 3 are consistent with the results of Experiments 1
and 2. Hence, we are conﬁdent of the robustness of the VVFA across
saccadic scanning tasks. The weaker VVFA effect size in the
Rorschach task (.68 and .78 for the two VTL tasks, and .43 for the
Rorschach task) may be due to increased individual differences
introduced by differential semantic demands of the 10 Rorschach
images. Finally, Experiment 3 was designed to evoke greater
semantic processing than may be expected in the VTL tasks of
Experiments 1 and 2. Given that PSFDs were longer in this scene-
like viewing experiment than in the VTL experiments (see Fig. 3),
we believe that the task utilized was appropriate for the present
study.5. General discussion
During VTL and scene viewing, the execution of a saccade is
based on two main decisions: when to execute the saccade, and
where to execute the saccade. The decision about where to execute
the saccade itself involves a direction query (i.e., in what direction
should the eyes move? e.g., Abrams & Jonides, 1988) and an
amplitude query (i.e. how far should the eyes move? e.g., Becker
& Jürgens, 1979). Our concern here was the question of when
Fig. 4. Distribution of PSFDs in 20 ms bins for participants in Experiment 1. (A)
Global trend for saccades in all direction. (B) Distribution for saccades into the
UpVF. (C) Distribution for saccades into the LoVF. The distribution for saccades into
the UpVF does not match the global trend.
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We have not distinguished among times involved in eye–brain
communication lag, saccade programming and visual processing,
and have referred to the cumulative duration before the execution
of a saccade as the PSFD. While we were primarily interested in
VTL, we also conducted scene-like viewing experiment to test the
generality of the ﬁndings. For the present study, context-free
displays were used to determine PSFD dynamics in VTL, and
ambiguous artiﬁcial Rorschach ‘‘scenes’’ were used to determine
the same in a more scene-like viewing condition. The kinds of dis-
plays used were meant to reduce as much as possible, potential
inﬂuences of top-down processing on PSFDs. The results of the
three experiments suggest strongly that during VTL, and Rorschach
scene-like viewing, PSFDs are briefer for saccades directed into the
UpVF than for saccades directed into the LoVF.
5.1. Adjustment of ﬁxation duration during VTL and scene viewing
PSFDs may be adjusted directly (on a moment-by-moment
basis) by differential processing of currently-ﬁxated information,
or indirectly by processing not speciﬁc to the currently-ﬁxated
information (see Hooge & Erkelens, 1998; Hooge, Vlaskamp, &
Over, 2007 for a discussion). Direct inﬂuences were minimized in
the present study by the use of random-dot displays and ambigu-
ous Rorschach images. Indirect inﬂuences are reﬂected in global
shifts in PSFD, for example, because of prior experience with pro-
cessing demands (e.g. Hooge & Erkelens, 1998), or timing con-
straints in physiological mechanisms (e.g., Becker & Jürgens,
1979). In the present study, indirect inﬂuences were evident for
example, in the ﬁnding of increasingly longer PSFDs from
Experiment 1 (VTL in random-dot display) to Experiment 3 (where
activation of semantic information in the ambiguous artiﬁcial
scenes would have been greater). We contend that the consistent
VVFA in Experiments 1–3 also reﬂects an indirect inﬂuence
on PSFDs. This VVFA in PSFDs may need to be considered in
computational accounts of VTL and scene viewing.
While many computational models have focussed on where
saccades are directed during scene viewing (e.g., Parkhurst, Law,
& Niebur, 2002; Privitera & Stark, 2000), and during VTL (e.g.
Najemnik & Geisler, 2009; Rao et al., 2002; Zelinsky, 2008), only
one class of models is concerned speciﬁcally with the properties
of ﬁxation durations (Nuthmann et al., 2010; Trukenbrod &
Engbert, 2014). The fundamental assumption of Trukenbrod and
Engbert’s (2014) model (ICAT) is that a limited set of control
principles can account for duration-related processing in all
eye-movement tasks. Generally, the model assumes that ﬁxation
durations are adjusted both directly (by currently-ﬁxated informa-
tion) and indirectly (by prior experience with processing
demands). To start, a saccade program is initiated after a time
interval generated by a random-walk timer deﬁned by a mean
waiting time and standard deviation (see Nuthmann et al., 2010
for a similar idea). The waiting time distribution is adjustable,
based on expectation of processing demands (from previous expe-
rience). Greater demands from experience move the mean towards
a higher value. This is reﬂected in the mean differences in PSFDs
across our three experiments (see Fig. 3). Beyond this indirect
control, ﬁxation duration can also be adjusted on the basis of the
currently ﬁxated information. Foveal inhibition generates immedi-
ate effects of ongoing processing on ﬁxation durations such that
increased processing difﬁculty of the item in foveal vision will lead
to prolonged saccade initiation intervals (Engbert et al., 2005; see
also Nuthmann et al., 2010). In addition, saccade programming
cancelation contributes to prolonging the duration of the current
ﬁxation (Nuthmann et al., 2010). During a labile stage of saccade
programming, if the item of ﬁxation is not processed sufﬁciently
within the random time interval selected from the timerdistribution, an inhibition mechanism may cancel the current sac-
cade-programming process. With respect to what direction the
eyes are directed, discrete objects are selected for ensuing saccades
on the basis of an activation ﬁeld (somewhat in the manner of Koch
& Ullman, 1985). While the model accounts for global shifts in ﬁx-
ation duration from processing demands (i.e., indirect inﬂuences),
it does not yet address the kind of indirect inﬂuence reported in
the present study. The asymmetry reported in the present study
indicates that among other contributing factors, ﬁxation durations
are indirectly adjusted on the basis of where a saccade is next
directed in the retina-centered visual ﬁeld. It may be useful to
extend ICAT to account for the effect reported in our experiments.
A common approach used to test the utility of a computational
ﬁxation duration model is to compare the probability distribution
of human data to the probability distribution of ﬁxation durations
generated by the model (e.g. Nuthmann et al., 2010; Trukenbrod &
Engbert, 2014). A similarity in global trends is interpreted as vali-
dation of the model’s algorithm. The results of the present study
suggest that, at least in some instances, the global distribution is
made up of local direction-sensitive distributions. To emphasize
the point, we have plotted a global probability distribution for
PSFDs in Experiment 1, and similar probability distributions for
saccades directed into the UpVF and LoVF (see Fig. 4). A biologi-
cally-plausible model of human ﬁxation durations must not only
be able to match the global trend, it must also be able to replicate
the local directional-sensitive trends. In the present study, we have
reported a directional asymmetry in PSFDs. We have interpreted
this PSFD asymmetry to be under indirect control (e.g., Hooge &
Erkelens, 1998). We are not aware of any model to date, that has
considered direction sensitivity in the indirect control of ﬁxation
durations. Future iterations of the ICAT model may be able to
simulate this kind of indirect control by implementing directional
constraints in the mean times of its random timer distributions. In
the next section, we speculate on why the VVFA in PSFDs may occur.
5.2. Saccade programming and attention bias
There is evidence that stimuli in the UpVF may access brain net-
works differently on the basis of the observer’s intention (Tzelepi
et al., 2010). Tzelepi et al.’s (2010) showed with magnetoencepha-
lography (MEG), that when one’s intention is to make a saccade in
a PSRT task, frontal cortex activity is lower during saccade
programing for UpVF-directed saccades. In effect, saccade
programming may require less effort for saccades directed into
the UpVF. This is to be contrasted their results for covert shifts of
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UpVF. For covert attention shifts, observers were instructed not
to execute saccades for the same stimuli used in the PSRT task.
Results indicated lower frontal cortex activity during covert
attention shifts to stimuli located in the LoVF. The MEG ﬁndings
for covert attention may explain why human performance tends
to be superior when attention is covertly directed to the LoVF.
For example, manual reaction times (MRTs) tend to be faster for
stimuli in the LoVF (see Skrandies, 1987 for a review), and there
is evidence that information accrual occurs faster in the LoVF than
the UpVF (Carrasco, Giordano, & McElree, 2004). Interestingly for
the present study, the MEG ﬁndings suggest the possibility of faster
saccade programming for UpVF-directed saccades. One may rea-
sonably speculate that this saccade-programming bias may be
rooted in adaptive behavior (e.g., Previc, 1990).
Might an adaptive ‘‘check and detect’’ behavior pattern (based on
how we interact with our environment) underlie the present ﬁndings?
For example, as we rise from the kitchen table and head towards
another room in the house, our gaze is on where we are going some
distance ahead of us. Occasionally we look down as we move, but
usually, just to check salient information (i.e., exogenous attention
cues) in our path. According to Previc’s (1990) distinction between
peripersonal and extrapersonal space, information processing in
peripersonal space is dominated by processing in the LoVF (i.e.,
below the current eye ﬁxation). Conversely, information process-
ing in extrapersonal space is dominated by processing in the UpVF
(i.e., above the current eye ﬁxation). Typically we look ahead into
extrapersonal space to ‘‘detect’’ information we are (endogenously)
seeking, and occasionally look down into peripersonal space
(which is being monitored by covert attention) to ‘‘check’’ that
our path is clear. In effect, while information in peripersonal space
is checked occasionally (e.g., for the presence of potential obsta-
cles), our usual goal is to pay attention (endogenously) to detect
and process information in extrapersonal space (Previc, 1990).
Hence, it is reasonable to suggest that attention is biased
towards where one expects to maximize the acquisition of infor-
mation in the visual ﬁeld. For example, during reading, attention
is biased towards the direction of up-coming information, depend-
ing on the language (e.g., horizontally for English, Hebrew, or ver-
tically for Japanese text, Osaka, 1993; Pollatsek et al., 1981). Greene
et al. (2010) described this as a Biased Expectation-Span theory
(BEST), with the implication that the radial distribution of saccades
indicates the bias of attention towards a useful direction in the
visual ﬁeld. Beyond a VVFA in PSFDs, our experiments indicate that
the probability of making upward saccades is greater than the
probability of making downward saccades during saccadic
scanning (see also Greene et al., 2010). Our experience in the world
may explain the greater probability of directing saccades upward
than downwards. It is also likely that the greater (endogenous)
attention focus on extrapersonal space compels endogenously-
driven upward saccades to occur after shorter ﬁxation durations
than endogenously-driven downward saccades. The results of the
present study support Previc’s (1990) account of functional biases
in the UpVF and LoVF, and a similar explanation has been
suggested previously for PSRTs (Zhou & King, 2002).
5.3. Conclusion
We have shown that during saccadic scanning tasks (e.g. VTL,
and scene interpretation), saccades directed upwards tend to be
preceded by briefer ﬁxation durations than saccades directed
downwards. This robust VVFA in PSFDs echoes the VVFAs reported
for PSRTs. We suggest that the simulation of saccade-direction con-
trolled temporal regularities is useful for real-time modelling of
ﬁxation durations in VTL and scene viewing. A case has previously
been made for including directional processing in computationalmodelling of where the eyes go (Foulsham & Kingstone, 2010;
Foulsham, Kingstone, & Underwood, 2008; Tatler & Vincent,
2009). Here we encourage the inclusion of directional processing
in computational modelling of when the eyes move.Acknowledgments
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